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  20 
ABSTRACT. 21 
A dynamic load and stress analysis of a wind turbine is carried out using transient fluid-structure interaction 22 
simulations. On the structural side, the three 50 m long commercial glass-fiber epoxy blades are modelled using shell 23 
elements, accurately including the properties of the composite materials. On the fluid side, a hexahedral mesh is 24 
obtained for every blade and for the hub of the machine. These meshes are then overlaid to a structured background 25 
mesh through an overset technique. The displacements prescribed by the structural solver are imposed on top of 26 
the rigid rotation of the turbine. The atmospheric boundary layer (ABL) is included using the k-epsilon turbulence 27 
model. The computational fluid dynamics (CFD) and computational solid mechanics (CSM) solvers are strongly 28 
coupled using an in-house code. The transient evolution of loads, stresses and displacements on each blade is 29 
monitored throughout the simulated time. The ABL induces oscillating axial displacements in the outboard region of 30 
the blade. Furthermore, the influence of gravity on the structure is accounted for and investigated, showing that it 31 
largely affects the tangential displacement of the blade. The oscillating deformations lead to sensible differences in 32 
the torque provided by each blade during its rotation. 33 
  34 
1. INTRODUCTION 35 
The last decades have been characterized by a large increase in the interest of academia and industry in wind energy 36 
conversion systems all over the world. Despite the fact that these systems have been used since the ancient times, 37 
a big impulse to their development was transmitted by the objectives that both EU and US established regarding the 38 
increase of the portion of electricity coming from renewable energy sources. The EU members agreed about a 39 
program of investments (Horizon 2020) which aims to raise the percentage of electricity from renewable and 40 
sustainable sources to 20% by 2020. Simultaneously, the US Government established the objective that 25% of their 41 
energy demand should be supplied by wind power by 2025. As a result, the research about wind energy conversion 42 
systems has experienced a noticeable boost. Part of this research is currently focused on the simulation of fluid-43 
structure interaction (FSI) of wind turbines. 44 
With the growing dimensions of the rotor  of a horizontal axis wind turbine [1] and the increasing slenderness of the 45 
blades, their deflection due to the wind load can reach peaks of 10-15% of the total span [2, 3]. As a consequence, 46 
the deformed shape of the blades influences the wind flow around them, which in turn affects the structural 47 
deflection. This results in a fully coupled problem which is important to take into account in several processes such 48 
as the design, the maintenance estimation and the aerodynamic behavior assessment of large horizontal axis wind 49 
turbines (HAWTs) [4]. 50 
Both the aerodynamic and the structural sides of the FSI problem involve a large number of complexities when it 51 
comes to numerical simulation. On the aerodynamic side, the high Reynolds number of the flow (up to 10଼) and the 52 
consequent high turbulence levels are challenging to simulate. The rotation of the blades makes the problem even 53 
harder to tackle. Furthermore, wind turbines are immersed in the atmospheric boundary layer (ABL), i.e. an 54 
increasing wind speed with height, such that the complete rotor has to be simulated with the loads on each blade 55 
fluctuating in time. On the structural side, HAWT blades are normally made of anisotropic composite materials built 56 
up of several plies. The presence of inner structures (shear webs and shear caps) and adhesive joints makes the 57 
modelling even more challenging. 58 
Many works have been carried out involving FSI of wind turbines, ranging a wide spectrum of applications and 59 
focuses. MacPhee et al. [5] performed 2D computational fluid dynamics (CFD) simulations of a vertical axis wind 60 
turbine (VAWT), using the k-ω-SST turbulence model. This methodology was coupled with structural simulations 61 
based on linear, elastic and isotropic material theory. Kim et al. [6] employed an unsteady vortex lattice method, 62 
completed with airfoil experimental data, to compute the wind loads on a 46m long blade and transfer them to a 63 
structural model based on non-linear beam composite theory. The results of such an FSI simulation were used for 64 
acoustic analysis in the surroundings of the turbine. Lee et al. [7] adopted a full scale model on the structural side of 65 
the FSI problem, accurately modelling its inner structures and its composite layering by means of a commercial code 66 
(Abaqus). On the fluid side, the loads were computed using Blade Element Momentum (BEM) theory. The BEM 67 
theory is widely used in FSI simulations of wind turbines [19, 20, 21]. Heinz et al. [8] developed an in-house code 68 
capable of loosely coupling BEM or CFD calculations with a structural model employing beams and punctual bodies. 69 
Several operating conditions were simulated in this way, ranging from emergency shutdown to regular pitching 70 
movements. 71 
On the fluid side, the fidelity has also been increased compared to BEM theory. Yu et al. [18] coupled Reynolds 72 
Averaged Navier-Stokes (RANS) simulations with a structural model based on non-linear beam theory and were able 73 
to simulate several conditions. Bazilevs et al [2, 3, 9, 10] coupled a more complete structural model with CFD 74 
simulations featuring a variational multi-scale turbulence model. The whole analysis is carried out in an isogeometric 75 
environment. On the structure side, a full model of the turbine blade is built employing composite layups with 76 
constant thickness plies and additional strips of material in order to realistically predict the stiffness of the structure. 77 
Despite the high level of detail provided by the latter works, the effect of the ABL is neglected. Furthermore, the 78 
computational power necessary to perform these simulations is high due to the necessary grid and time resolution. 79 
The present work aims at simulating the dynamic, fully coupled FSI problem on a full scale HAWT, with a diameter 80 
of 100m, employing high-fidelity flow and structural models, leading to a fully coupled FSI model. Unlike in prior 81 
literature, the ABL is taken into account in detail. On the structural side, a complete and accurate model reproducing 82 
the complex composite nature of each blade is built and employed. The implicit coupling between the flow and the 83 
structural models is guaranteed by the in-house code Tango, resulting in a segregated approach [11]. The observed 84 
oscillating loads and stresses on each blade are analyzed in depth and the resulting deformations are correlated to 85 
the changes in the energy conversion performance of each blade, which is novel compared to the available literature.  86 
First, the details of the CFD model are given in section 2, then the full-scale structural model of the employed blade 87 
in section 3. Subsequently, characteristics of the coupling strategy are given in section 4 and, finally, the results are 88 
presented in section 5, before drawing the conclusions. 89 
  90 
2. THE CFD MODEL 91 
In terms of modelling, the inclusion of the ABL implies that the entire rotor needs to be analyzed and the reduction 92 
to one single blade with periodic boundary conditions is not possible. The layout of the complete CFD model is shown 93 
in fig. 1. 94 
 95 
Fig. 1 – Layout of the HAWT simulations (fluid side). 96 
The distance of the rotor from the symmetry sides and top surface (fig. 1) is chosen equal to 5 rotor diameters in 97 
order to avoid artificial acceleration of the flow. The inlet and the outlet (atmospheric pressure outlet) are 98 
respectively 5 and 15 rotor diameters away from the rotor. These distances are chosen sufficiently large to avoid 99 
any influence of the boundaries on the flow around the turbine, as prescribed by best practice guidelines for 100 
atmospheric flows [22]. Nevertheless, many works (e.g. [2, 3, 9]) adopt much smaller boundary distances. 101 
A 3D mesh is created for every object to be simulated (namely the hub, and the three blades, fig. 2 - left) and a 102 
background structured grid is generated (fig. 2 - right). All these meshes mutually overlay and are connected by an 103 
overset technique. Similar techniques have already been used in the aerodynamic side of FSI models of wind turbines 104 
[18, 23, 24] with good results. Details of the mesh (C grid) around each blade are shown in fig. 3. The mesh on each 105 
wall of the rotor is designed choosing a 𝑦ା in the log layer (between 30 and 300). 106 
 107 
 108 
Fig. 2 – (left) component bodies with overset boundaries (in red) and (right) background structured mesh. 109 
 110 
Fig. 3 – Sections of the fluid component mesh around a blade: (left) 20% span, (middle) 50% span, (right) 90% span. 111 
As an example of how the mesh connectivity is built, we show the connection of the blade mesh with the background 112 
grid. The background cells encompassed or crossed by the blade walls are deactivated. Then, on the external 113 
boundary of the component mesh, the solution is obtained by interpolation from the background mesh. Here, the 114 
two meshes are designed to have roughly the same cell size. The (background) cells from where the solution is taken 115 
are marked as “donor cells”, while the (component) cells receiving solution by interpolation are marked as “receptor 116 
cells”. At least 4 donor cells contribute to interpolation on each receptor cell. This is summarized by fig. 4: 117 
 118 
Fig.4 – Mesh connectivity technique: (left) component mesh, (right) background and component mesh overlapped. 119 
Solve cells are marked in green, donor cells in red and receptor cells in blue.  120 
The background cells confined between the donor boundary and the blade walls are solved in order to guarantee a 121 
buffer of (future donor) cells with valid solution data when the component mesh is moved due to the rotation (fig. 122 
5) or deflection of the blades. As shown in fig. 4, the inner boundary of the background mesh is represented by a 123 
border of receptor cells where solution is taken by interpolation from the closest donor cells on the component 124 
mesh.  125 
 126 
Fig. 5 – Blade component mesh movement due to blade rigid rotation. In yellow, the region of the background mesh 127 
where solution is available from previous time step. 128 
The case is considered to be incompressible, given the low Mach numbers typical of the HAWTs. The turbulence 129 
model is chosen to be the k-epsilon (unsteady RANS) model for two reasons. First, for this turbulence model, ABL 130 
inlet conditions have been obtained by Richard and Hoxey [12] (also used in other works about CFD analysis of wind 131 
turbines [25]). Second, extensive work to preserve their stability in the numerical domain has been performed by 132 
Parente et al. [14, 15]. The present work relies on the previous work just outlined, which will be now described more 133 
in detail. 134 
The k-epsilon model adds the following transport equations to the momentum and continuity equations. 135 
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𝑘 and 𝜀 are respectively the turbulent kinetic energy and its dissipation rate, 𝑆 represents the modulus of the rate-136 
of-strain tensor and 𝜎௞ , 𝜎ఢ , 𝐶ଵఌ  and 𝐶ଶఌ  are constants respectively set equal to 1, 1.3, 1.44 and 1.92. The turbulent 137 
viscosity 𝜇௧ is defined as 𝜇௧ = 𝐶ఓ𝜌
௞మ
ఌ
 with 𝐶ఓ  equal to 0.09. 138 
The ABL inlet conditions first proposed by Richard and Hoxey [12] are employed in order to replicate the neutral ABL 139 
conditions in the numerical domain, with 𝑧 the height, thus the distance from the ground wall. 140 
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 141 
In these equations, 𝑢∗ is the friction velocity, an index of the global wind intensity, and 𝑧଴ is the aerodynamic 142 
roughness length which provides a measure of how rough the ground wall is. These two parameters fully define the 143 
ABL characteristics. Κ is the von Karman constant (0.4187). It can be easily verified that these profiles are an analytical 144 
solution of the k-epsilon equations reported above. 145 
To guarantee that the profiles imposed as inlet conditions are preserved throughout an empty domain, a new 146 
formulation of the wall functions for the ground wall is required, as observed by Blocken et al. [13] and Parente et 147 
al. [14]. Thus, the aerodynamic roughness length is explicitly included in the wall functions, following the formulation 148 
proposed by Parente et al. [15], leading to a modified non-dimensional wall distance 𝑧ା and a modified wall function 149 
constant 𝐸. 150 
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In the remainder of this work, the resulting novel wall functions [15] are addressed as “modified wall functions”, in 151 
contrast with the standard ones. To validate the ABL modelling approach outlined above, two test cases are 152 
described in the appendix, together with their results. The authors who first proposed this approach have also 153 
performed extensive validation work [14, 15]. 154 
On the inlet surface, the previously defined inlet ABL profiles are prescribed. All the simulations are carried out at 155 
the nominal operating point, as declared by the manufacturer of the blades. This point corresponds to a wind speed 156 
of 8.5 m/s and a rotational speed of 1.445 rad/s, resulting in a tip speed ratio (TSR) of 8.5. In order to reach 8.5 m/s 157 
at the hub height (100 m), in the ABL profiles the friction velocity is set to 𝑢∗= 0.671082 m/s and the aerodynamic 158 
roughness length is set to 𝑧଴= 0.5 m. The value of the aerodynamic roughness length is chosen according to the 159 
classification proposed by Davenpoort and Wieringa [26] (corresponding to rough, cultivated landscape in the 160 
proximity of the simulated turbine) in order to produce a sheared velocity profile, whose effect can be clearly 161 
addressed in the loads and performance of each blade during its rotation. The turbulent kinetic energy is set to 162 
0.01512𝑚ଶ 𝑠ଶ⁄ , producing a turbulent intensity of approximately 1.3% at the hub height (similar to the values used 163 
in other CFD simulations of HAWTs [27]).  There is no tilt or yaw of the rotor with respect to the incoming wind, 164 
which is perfectly aligned with the axis of rotation of the machine. The standard wall functions are employed on the 165 
rotor walls, while the modified ones are employed on the ground wall. The momentum equations and continuity 166 
equation are solved together in a pressure-based solver. 2nd order upwind discretization for momentum is applied 167 
and a 1st order implicit scheme is used for time discretization.  The same settings are used for every simulation 168 
carried out in this work. The CFD setup is implemented in Fluent 18.1 (Ansys Inc.). 169 
A mesh and time-step independency study was carried out in order to assess the validity of the proposed 170 
methodology by comparing the obtained power output with the nominal torque coefficient provided (0.0556) by 171 
the manufacturer of the blades. The undisturbed ABL flow is  imposed everywhere in the domain and the rotation 172 
of the turbine is started. 7 complete revolutions are covered by the simulation time and carried out on 3 different 173 
sets of meshes (table 1) and 3 different time-step sizes. 174 
Mesh name Number of cells Faces/blade 
Background mesh Blade mesh TOTAL 
Coarse 21.68 M 0.76 M 24 M 13380 
Medium 49.6 M 1.87 M 55 M 38489 
Fine 73 M 2.5 M 80 M 55535 
Table 1 – Independency study: details of the used mesh sets. 175 
The torque coefficient (defined in the “results” paragraph) is monitored during the simulation time and Table 2 176 
summarizes the average over the last performed revolution, showing the percentage differences of each setup with 177 
respect to the combination of medium mesh and 240 time steps per revolution, which was chosen to be used in the 178 
FSI and CFD simulations. For each simulation, the difference in average torque between the last 2 revolutions is 179 
smaller than 2%. 180 
 120 time steps / rev 
∆𝐭 = 0.036235 s 
240 time steps / rev 
∆𝐭 = 0.0181176 s 
360 time steps / rev 
∆𝐭 = 0.0120784 s Mesh name 
Coarse 0.04788 (-8.68 %) 0.04925 (-6.06 %) 0.05008 (-4.48 %) 
Medium 0.05093 (-2.85 %) 0.05243 (/) 0.05332 (+1.70 %) 
Fine 0.0522 (-0.39 %) 0.05356 (+2.16 %) 0.05439 (+3.75 %) 
Table 2 – Independency study: torque coefficient averaged over the last revolution for every setup. 181 
Comparing the torque coefficient provided by the manufacturer of the blades and the results obtained for 240 time 182 
steps/revolution and medium mesh, as used in all further simulations, a deviation of less than 5.8% is observed. 183 
3. THE STRUCTURAL MODEL 184 
The analyzed blade is entirely made of composite material, with a total mass of 9.42 tons. Several airfoils are lofted 185 
throughout its 50 m span. Inside the structure itself, three shear webs cover a large portion of the total span and 186 
provide additional stiffness to the blade. 187 
Only shell elements with 3 or 4 nodes and reduced integration are employed and composite layups are defined to 188 
reproduce the composite layering in every shell. The elements are positioned on the outer mold layer (OML) with 189 
material offset towards the inside, mimicking the blades manufacturing process and maintaining the correct outer 190 
blade shape. Different layups are assigned to different regions of the structure, modelling its real composition. A 191 
local reference frame is discretely defined in every element in order to fix the global orientation of the layup. Every 192 
layup is then composed of a varying number of plies ranging from 1 to 127.  For each ply a material and a thickness 193 
are assigned, together with a relative orientation in the form of a rotation angle with respect to the global layup 194 
orientation. This relative orientation is necessary to fully define the characteristics of layers made of anisotropic 195 
materials. In every element, the stresses are computed in each ply. The shear webs and the shear caps are modelled 196 
using the same strategy. The adhesive joints are also included in the model by the introduction of layers of adhesive 197 
material. The mesh is created according to the process outlined and discussed in [17]. Following this procedure, a 198 
mesh composed of 64000 three-dimensional shell elements is obtained, as shown in fig. 6. 199 
 200 
Fig. 6 – Overview of the structural mesh: (left) outer and (right) inner structures. 201 
In order to validate the structural model, the eigenfrequencies of the blade are computed, pinning its root. The 202 
manufacturer provides only ranges for the first flap-wise and chord-wise modes as benchmarks. The results of the 203 
modal analysis are reported in Table 1. 204 
 Manufacturer Modal analysis 
First flap-wise mode 0.74 Hz - 0.91 Hz 0.645 Hz 
First chord-wise mode 1.01 Hz - 1.35 Hz 1.165 Hz 
Table 1 – Experimental/numerical comparison of the eigenfrequencies of the blade 205 
In the FSI simulations, the rotational speed around the turbine shaft is fixed at the root of the blade, where any other 206 
degree of freedom is constrained. 207 
  208 
4. FSI COUPLING 209 
The two outlined models are coupled by an in-house code, named Tango [11]. Within every time step, the 210 
information is exchanged as outlined in fig. 7. 211 
 212 
Fig. 7 – FSI coupling scheme for one time step. 213 
This strategy corresponds to the Gauss-Seidel coupling algorithm. Given the non-conformal meshes, interpolation is 214 
required when any information (loads or displacements) is passed from one side of the fluid-structure interface to 215 
the other. When transferring the fluid loads to the structural mesh, a barycentric interpolation among the 3 nearest 216 
points is applied, whereas, when the displacements are to be imposed on the fluid mesh, a local radial basis function 217 
interpolation is carried out using the 81 nearest points. At the beginning of every time step, the component meshes 218 
in the CFD model (namely the 3 blades and the hub) are rigidly rotated according to the time step size and the chosen 219 
rotational speed. In the first coupling iteration of every time step, no mesh update in addition to rigid rotation is 220 
performed since there is still no structural data available for the current time step. In subsequent coupling iterations, 221 
in addition to the rigid body rotation, the displacements prescribed by the structural solver are applied on the blades 222 
at the beginning of every coupling iteration. An arbitrary Lagrangian Eulerian (ALE) formulation is employed for the 223 
mesh update. A spring-based method is selected to displace the entire blade component mesh according to the 224 
deflection prescribed by the structural solver on the blade wall. Subsequently, the mesh connectivity is re-built 225 
before proceeding with the flow calculation. This guarantees a consistent good mesh quality throughout the entire 226 
simulation time. 227 
The loop shown in fig. 7 is repeated 3 times within every time step, leading to fluid-structure interface displacement 228 
absolute residual to drop to the order of magnitude of 0.003 m. The time step size is chosen according to the output 229 
of the sensitivity study reported in section 2 (0.0181176 s). Running on 280 cores (10 nodes, each with 2 CPUs of the 230 
type 14-core Xeon E5-2680v4, 2.4GHz, inter-connected via InfiniBand), less than one day is necessary to perform a 231 
complete revolution in the CFD case, compared to 1.5 weeks needed in the case of a fully coupled FSI simulation. 232 
  233 
5. RESULTS AND DISCUSSION 234 
In this section, the results of different simulations are analyzed. A simulation with rigid blades is compared to a fully 235 
coupled FSI simulation. Finally, the effect of the gravity load on the blades is briefly highlighted by comparing the 236 
fully coupled FSI simulation with an analogous one carried out neglecting gravity in the structural model (“g-less”). 237 
In the remainder, the logics illustrated in fig. 8 will be followed when defining the azimuth angle of each blade and 238 
the sign of the radial and tangential forces, velocities and displacements. 239 
 240 
Fig. 8 – Definitions of blade azimuth angle and components of forces and velocities. 241 
Furthermore, as usually done, the torque (T) and the forces (F) acting on the blades are made non-dimensional by 242 
means of the following formula: 243 
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 244 
where ρ is the air density (1.225 kg/m^3), A the frontal area of the rotor and R its radius. The velocity v of the  245 
undisturbed flow is chosen to be the wind free stream velocity at the hub height, namely 8.5 m/s. 246 
The FSI simulations are started from the results of a transient simulation with rigid blades, running for a time covering  247 
5 complete revolutions and starting from stand still in the undisturbed ABL. The wind loads acting on the blades at 248 
this time instant are used in structural steady state simulations in order to deflect the blades and consistently deform 249 
the mesh in the fluid model. Then, 2 more revolutions are carried out with flexible blades. Fig. 9 shows the total 250 
torque provided by the turbine during the 2 revolutions performed in the flexible blade simulation. 251 
 252 
Fig. 9 – Total torque coefficient during the 2 revolutions in FSI mode. 253 
The first revolution is interpreted as necessary to cancel out the influence of the initial solution and reach a periodic 254 
regime in time and, for this reason, is not investigated any further. During the 2nd revolution, the total torque 255 
provided by the turbine stabilizes on a steady value of 0.05105 with a maximum deviation from it equal to 0.51%. 256 
The value monitored in the simulation with rigid blades is equally steady (maximum deviation of 0.56%) and equal 257 
to 0.05243. Thus, the blade flexibility induces a drop of 2.6% in the torque provided by the turbine. Furthermore, 258 
when the torque contribution of a single blade is related to its azimuth angle, no remarkable difference (less than 259 
0.75%) is observed between the behavior of the three blades in the second revolution. The same applies to any other 260 
quantity monitored on the blades, confirming that only one revolution is necessary to approach a periodic regime in 261 
time. Thus, one single blade is representative of the other two. 262 
5.1. Effect of the deformations on the energy conversion 263 
Despite the constancy of the total torque, the contribution of each blade is not constant over a full revolution and is 264 
largely affected by the ABL, as shown in fig. 10. 265 
 266 
Fig. 10 – Single blade contribution to the torque. 267 
When the blade points upwards (azimuth angle between 0˚ and 180˚) the incoming wind velocity is larger and leads 268 
to larger angles of attacks on the entire blade span. On the other hand, when the blade points downwards (azimuth 269 
angle between 180˚ and 360˚), the lower wind velocity decreases the angles of attack on the entire span, leading 270 
to a lower torque contribution. This is illustrated in Fig. 11 where the pressure contours around the same blade 271 
section (at 99% of the blade span) are shown for diametrically opposite azimuth angles. 272 
 273 
Fig. 11 –Pressure contours [Pa] around a blade section at 99% of the span for azimuth angles of 90˚ and 270˚. 274 
This perfectly applies to the simulation with rigid blades, where the maximum and minimum torque contribution for 275 
each blade is reached at azimuth angle of respectively 90˚ (i.e. blade vertically up) and 270° (i.e. blade vertically 276 
down). Differently, the torque contribution during the FSI simulation shows a delay (of about 20° azimuth angle) in 277 
both peaks, as well as a consistent negative offset with respect to the rigid simulation. In order to further investigate 278 
the origin of this difference, the blade is divided into 20 equally spaced strips, as shown in figure 12. 279 
 280 
Fig. 12 – Blade strips. 281 
The strips are defined and marked on the undeformed blade geometry and followed throughout its motion. Fig 13 282 
shows the torque contribution of two different strips, one located  approximately at half the blade span (strip 9) and 283 
one close to the tip (strip 19) for both rigid and flexible blade simulations. 284 
 285 
Fig. 13 – Torque contribution of two different blade strips: rigid and flexible blades. 286 
The delay observed in the total torque contribution of  a single blade in fig. 10 is thus not visible on the strips located 287 
far from the blade tip (as, for example, strip #9 in fig. 13) but it appears only in the strips located close to it (as shown 288 
for strip #19). This phenomenon can then be related directly to the axial and tangential oscillation of the tip, 289 
summarized in fig. 14. 290 
 291 
Fig. 14 – (left) axial and (right) tangential displacement of the blade tip. 292 
The axial displacement fluctuates around an average value of about 3.1 m, corresponding to 6.2% of the blade span. 293 
Similar values are observed in other aeroelastic works carried out on turbines of similar sizes [3]. The axial 294 
displacement is always positive, indicating that the tip is always displaced backwards by the thrust exerted by the 295 
wind flow. Furthermore, fig. 15 shows the axial deformation (i.e. the biggest component of the total deformation) 296 
of the blade as a function of the span of the blade, in the moment of maximum (around 75° azimuth angle) and 297 
minimum (around 260° azimuth angle) axial displacement. 298 
          299 
Fig. 15 – (left) axial displacement as a function of the blade span (where r/R is the relative radial position on the 300 
deformed geometry) at maximum and minimum displacement and (right) comparison between deformed and 301 
undeformed blade. 302 
 The oscillation of the blade tip, depicted in fig. 14, acts directly on the angle of attack of the relative flow. More in 303 
detail, when the tip axially moves towards the incoming wind (i.e. when its axial displacement decreases and its axial 304 
velocity is negative) the apparent wind velocity impacting on the blade increases, leading to a higher angle of the 305 
incoming flow on the tangential direction. On the other hand, when the blade tip tangentially moves in the direction 306 
of the blade rotation (i.e. when its tangential displacement increases and its tangential velocity is positive), the blade 307 
speed increases, leading to a lower angle. The axial and tangential velocities of the blade tip are obtained as time 308 
derivative of its axial and tangential displacements and are shown in fig. 16. 309 
 310 
Fig. 16 – Axial and tangential velocity of the blade tip as a function of the azimuth angle. 311 
These velocities can be combined with the varying incoming wind velocity of the ABL to calculate an approximate 312 
angle between the incoming relative velocity (deceleration due to the wind turbine not taken into account) and the 313 
tangential direction on the blade tip. Beside this, a non-zero deformation-induced twist angle is reported during the 314 
motion of each blade, as depicted in fig. 17, in addition to the twist of the rigid blade. The deformation-induced twist 315 
is considered positive if it tends to align the local chord of the blade airfoil with the incoming relative flow. 316 
 317 
Fig. 17 – Deformation-induced twist of the blade at different spans, as a function of the blade azimuth angle. 318 
Fig. 16 and 17 are combined to compute the approximate angle of attack (AoA, deceleration due to the wind turbine 319 
not taken into account) of the flow during the whole revolution. The difference (Flexible case – Rigid case) can then 320 
be computed for both the torque provided by strip #19 and the AoA around the tip section. Fig 18 is obtained by 321 
normalizing both these differences by the absolute value of their respective average and comparing them. 322 
 323 
Fig. 18 – Normalized delta (Flexible case – Rigid case) in torque contribution of strip #19 and tip angle of attack. 324 
Fig. 18 shows that both differences are always negative. Hence, a lower tip AoA corresponds to a loss in torque. 325 
Furthermore, peaks in the torque difference correspond in azimuth angle with peaks in the AoA difference, 326 
confirming that the blade deformation has a sensible impact on its performance and leads to both the delay and the 327 
phase shift observed in fig. 10. The upper part of the blade (i.e. the section closest to its tip) is most affected by the 328 
tip motion and, therefore, exhibits the largest difference in the provided torque. 329 
Fig. 10 also shows a negative offset in the average value of the torque monitored in the flexible blade case. This 330 
negative offset is consistently reported during the whole revolution on strip #19. On the other hand, strip #9 shows 331 
a consistent (but small) gain in the torque. This condition is preserved throughout the entire revolution of the blade, 332 
as summarized by fig. 19 which shows the torque provided per meter of blade as a function of its span at two 333 
diametrically different azimuth angles. 334 
 335 
Fig. 19 – Torque per meter of blade as a function of the blade span at two diametrically opposite azimuth angles: 336 
(left) 90°, blade pointing vertically upwards and (right) 270°, blade pointing vertically downwards. 337 
The area below each graph (i.e. the integral of each curve) in fig. 17 corresponds to the total torque provided by the 338 
blade. A consistent loss of efficiency is reported for the upper strips (#14 and beyond), while a small gain is reported 339 
for the lower ones. This results in a global lower efficiency of the blade when its flexibility is taken into account, as 340 
already displayed by fig. 10. This can be explained by the on average positive deformation-induced twist of the blade 341 
summarized by fig. 17. 342 
5.2. Axial and radial wind loads 343 
The total axial and radial wind forces acting on the blade are summarized in fig. 20. It is important to notice that 344 
both of them exhibit a negative feedback behavior: their average magnitude is increased in the deformed 345 
configuration with respect to the undeformed one. In particular, the average axial wind force is increased by 346 
approximately 6% and the axial displacement plotted in fig. 14 (left) follows the axial force in fig. 20 with a slight 347 
delay due to the inertia of the structure. On the other hand, the radial wind force, from centrifugal in the undeformed 348 
configuration, becomes consistently centripetal in the deformed configuration and its magnitude is roughly 349 
increased by 50%.  350 
 351 
Fig. 20 – (left) axial and (right) radial integral forces on the blade. 352 
Note that the centripetal force on the blade is a direct consequence of its deformed shape: the pressure difference 353 
between the pressure and the suction sides of the deflected blade will inevitably lead to such a force component 354 
(fig. 15 - right). This force is anyway negligible when compared to the total centrifugal force due to the blade rotation, 355 
as will be shown when analyzing the bending moment acting on the blade. This leads to a large safety margin with 356 
respect to possible buckling of the blade at this specific operating point. 357 
5.3. Internal stresses and hub reaction forces 358 
Focusing now on the internal stresses experienced by every flexible blade, the stress component S11 is computed 359 
aligned with the span-wise direction of the blades. The maximal stress (across the composite layup) distribution in 360 
both the outer shell and the inner webs is depicted in fig. 21 when the azimuth angle is 90˚, namely the highest load 361 
condition. 362 
 363 
Fig. 21 – Longitudinal stresses [Pa] in the outer shell on the pressure side (PS), and  suction side (SS) and in the shear 364 
webs at azimuth angle +90˚ during the simulation with flexible blades. 365 
Notice that the longitudinal stress distribution follows from the bending solicitation acting on the blade: the pressure 366 
side experiences traction stress while the suction side is subject to a compression load. The stress in the points of 367 
maximal traction and maximal compression in the shear webs is shown in fig. 22: 368 
 369 
Fig. 22 – Stress evolution in the maximal traction and compression points of the shear webs. 370 
Fig. 22 clearly shows the more intense flapwise bending solicitation in terms of gap between the maximal traction 371 
and the maximal compression when the blade approaches an azimuth angle around 90˚. The flapwise bending 372 
moment will now be analyzed more in details as it represents the most intense solicitation acting on the structure. 373 
The axial tip displacement follows from this bending solicitation. The flapwise bending moment diagram of each 374 
blade is obtained considering the fluid forces (axial and radial), the centrifugal force induced by the blade rotation 375 
and the gravity force. Fig. 23 shows these diagrams at 2 different azimuth angles (90˚, the highest load condition 376 
and 270˚, the lowest load condition), displaying the total bending moment and the individual contributions of 377 
gravity, centrifugal force and radial force. 378 
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Fig. 23 – Flapwise bending moment diagrams: bending moment as a function of the radial position along the blade 383 
for azimuth angles of +90˚ (blade vertically up) and -90˚ (blade vertically down). 384 
The main contribution to this bending moment comes always from the axial force acting on the blade. Also the 385 
centrifugal force sensibly contributes to reduce the bending moment acting on the blade. The contributions of radial 386 
fluid force and gravity force are respectively 3 and 2 orders of magnitude smaller than the axial force contribution. 387 
Nonetheless, the gravity force positively contributes to the bending moment in the upper section of the blade when 388 
it points upwards (at 90˚ azimuth angle). The opposite reasoning applies when the blade points downwards (at 270˚ 389 
azimuth angle) where the gravity force contributes to reduce the bending moment on the upper section of the blade. 390 
As anticipated, the radial force is negligibly small compared to the centrifugal one. Furthermore, the total bending 391 
moment diagrams are flat in the region closest to the root of the blade, indicating that this region gives a negligible 392 
contribution to the monitored bending moment. Nonetheless, monitoring the total bending reaction moment acting 393 
on the root of the 3 blades and computed by the structural solver, a mutual compensation of the three blades is 394 
visible, which leads to a total reaction moment about 1 order of magnitude lower than the individual one acting on 395 
the single blade, as shown in fig. 24. 396 
 397 
Fig. 24 – Total reaction moment on the root of the 3 blades: (left) magnitude and (right) azimuth angle of its 398 
direction as a function of the azimuth angle of one single blade. 399 
The 3 peaks monitored in these quantities match with the blade passing frequency. 400 
5.4. Effect of gravity 401 
Finally, it is interesting to investigate the effect of the gravity loads on the results of the simulation with flexible 402 
blades. To this extent, the same setup is used, but the gravity load is excluded from the structural model (this is 403 
referred to as the “g-less” case). First, the behavior of the tip displacement is visibly affected by gravity, as 404 
summarized in fig. 25. 405 
 406 
Fig. 25 – (left) axial and (right) tangential displacement of the blade tip with and without gravity load. 407 
The gravity load largely affects the tangential tip displacement, especially when the blade is horizontally positioned 408 
(180˚ and 360˚ azimuth angles). On the other hand, when the blade is vertically positioned, the tangential 409 
displacements match in the two cases. It also tends to increase the axial displacement when the blade points 410 
upwards and reduce it when the blade points downwards, as already anticipated when examining the bending 411 
moment. Given the shift between the graphs reporting the axial displacement, the analysis of these graphs also 412 
points out the occurrence of some interaction between the two displacement components. The tangential velocity 413 
of the blade tip becomes negligible when gravity is neglected and, consequently, the delay in torque peaks and the 414 
oscillation amplitude of the torque addressed in fig. 10 are sensibly reduced, whereas the average value stays 415 
unchanged (fig. 26). 416 
 417 
Fig. 26 – Single flexible blade contribution to the torque with and without gravity. 418 
As a consequence, the torque distributions plotted in fig. 19 are not affected by the gravity load. Nevertheless, the 419 
same plots show remarkable differences when the blade is horizontally positioned, as confirmed by fig. 27. 420 
 421 
Fig. 27 – Torque per meter of blade as a function of the blade span at two diametrically opposite azimuth angles: 422 
(left) 180°, blade oriented horizontally right and (right) 360°, blade oriented horizontally left. 423 
Following the same reasoning already carried out about the influence of the blade tip velocity, the differences in the 424 
two graphs can be related to the different axial velocity (larger in magnitude when gravity is on), whereas the 425 
tangential velocity is, in both flexible and flexible g-less case, approximately zero. 426 
  427 
6. CONCLUSIONS 428 
A fully coupled FSI model of a 100 m diameter rotor was successfully created by combining a detailed structural 429 
model with a detailed fluid model. The structural model employs a refined mesh of shell elements positioned on the 430 
outer mold layer. The fluid model uses component meshes surrounding each blade and a background mesh, between 431 
which overset connectivity is built. 432 
It was observed that the total torque is lower when FSI is considered. This results in a drop of efficiency of 6% for 433 
the single blade. 434 
Unlike in prior literature, the ABL was included. It was observed that this has significant effect on the loads 435 
experienced by the blades. It is therefore advised to include the ABL in fluid simulations of wind turbines. While the 436 
total torque was found to remain relatively constant, the contribution of the individual blades was observed to vary 437 
with their rotational position. When including blade flexibility, it was observed that this variation lags (of about 20° 438 
azimuth angle) compared to the rigid case. 439 
Furthermore, the torque contribution for different parts of the blade was investigated by creating blade strips. The 440 
delay in torque contribution was found to originate from the outboard part of the blade. For this reason, the 441 
oscillatory movement of the tip was analyzed. Both axial and tangential oscillation was observed. The average axial 442 
tip displacement corresponds to approximately 6% of the blade span and its oscillation is related to the presence of 443 
the ABL. 444 
Furthermore, oscillating twisting deformation of the blade during each revolution was observed, with an average of 445 
2.5 degrees of nose-down rotation. Based on these observations, the change in torque contribution is attributed to 446 
a change in AoA, due to a change in the tip speed and twist. This was shown to sensibly affect the torque distribution. 447 
The torque was found to decrease in the outboard region of the blade, while a small increase was observed towards 448 
the root. 449 
Finally, the influence of gravity was investigated by running the same model, excluding gravitation loads from the 450 
structural side. Comparing the results with and without gravity, it was observed that this largely affects the tangential 451 
displacement of the tip. Consequently the tangential velocity became negligible, while the delay in torque 452 
contribution compared to the rigid case decreased. This proves that gravity has a significant influence and should be 453 
included. Furthermore, it reinforces the hypothesis that the delay in torque observed between the rigid and flexible 454 
cases respectively is the result of dynamic changes in AoA. 455 
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  462 
8. APPENDIX 463 
The ABL methodology outlined in section 2 and used in this work has been proposed by Parente et al. [14, 15], 464 
together with extensive validation work. Additional validation is presented here, where two test cases are built and 465 
described, together with their results. First, the stability of the imposed inlet profiles is tested in an empty 2D 466 
domain. Such a domain has a 200m high and 2000 m long rectangular shape. A structured mesh is built, with 70 cells 467 
in the vertical direction and 1200 cells in the longitudinal direction. The profiles for velocity, turbulent kinetic energy 468 
and turbulent dissipation rate are imposed at the inlet (choosing 𝑧଴ = 0.5m and 𝑢∗=1.38 m/s) and the modified wall 469 
functions are employed for the ground wall. The stability of the ABL profiles is checked by comparing them at the 470 
inlet and at the outlet, as shown in fig. A1: 471 
 472 
473 
 474 
Fig. A1 – Stability of the ABL profiles in an empty 2D domain with modified wall functions. 475 
Furthermore, the Silsoe cube experiment (described in [16]) is numerically reproduced. The Silsoe cube has edges of 476 
6 m and is invested by an ABL flow aligned with it. The wind-induced pressure is monitored in several locations, along 477 
3 different lines, each one cutting the cube in different directions (see figures 2 and 3). Modelling the experiment, 478 
just half of the cube has been reproduced, taking advantage of the geometrical symmetry. The resulting geometry 479 
is schematically shown in fig. A2: 480 
 481 
Fig. A2 – Silsoe cube simulation layout, with indication of the main dimensions and the boundary conditions. 482 
The modified wall functions are employed on the ground wall (grey), while the standard ones are employed for the 483 
cube faces (yellow). The mesh is fully structured and consists of 8M cells. It is refined on the cube in order to 484 
guarantee values of the non-dimensional wall distance to always lay in the log layer. The comparison between 485 
experimental values and numerical predictions is reported in Fig. A3, together with the lines on which the values are 486 
monitored. The pressure coefficient 𝑐௣ is computed as the static relative pressure divided by the dynamic pressure 487 
of the undisturbed flow. 488 
489 
490 
 491 
Fig. A3 – Numerical vs experimental comparison of wind-induced pressure on the Silsoe cube. 492 
The agreement is satisfactory and the trend of the pressure distribution is always correctly predicted. The 493 
discrepancies seem to increase where separation occurs (e.g. point 1 in fig A3), confirming the usual tendency of 494 
most of the RANS models. 495 
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